We quantify the behavior of Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, W, Tl, Pb, and Bi during the differentiation of a picritic magma in the Kilauea Iki lava lake, Hawaii, using whole rock and glass differentiation trends, as well as partition coefficients in Cu-rich sulfide blebs and minerals. Such data allow us to constrain the partitioning behavior of these elements between sulfide and silicate melts, as well as the chalcophile element characteristics of the mantle source of the Kilauea lavas. Nearly all of the elements are generally incompatible on a whole-rock scale, with concentrations increasing exponentially below $6 wt% MgO. However, in-situ laser ablation data reveal that Cu, Ag, Bi, Cd, In, Pb, and Sn are chalcophile; As, Ge, Sb, and Tl are weakly chalcophile to lithophile; and Mo, Ga, and W are lithophile. The average D sulfide/silicate melt values are: D Ag = 1252 ± 1201 (2SD), D Bi = 663 ± 576, D Cd = 380 ± 566, D In = 40 ± 34, D Pb = 34 ± 18, D Sn = 5.3 ± 3.6, D As = 2.4 ± 7.6, D Ge = 1.6 ± 1.4, D Sb = 1.3 ± 1.5, D Tl = 1.1 ± 1.7, D Mo = 0.56 ± 0.6, D Ga = 0.10 ± 0.3, and D W = 0.11 ± 0.1. These findings are consistent with experimental partitioning studies and observations of Ni-rich sulfide liquid in mid-ocean ridge basalts (MORB), despite the different compositions of the KI sulfides. The KI glasses and whole rocks are enriched in As, Ag, Sb, W, and Bi, relative to elements of similar compatibility (as established by abundances in MORB), mimicking enrichments found in basalts from the Manus back arc basin and the upper continental crust (UCC). These enrichments suggest the presence of terrigenous sediments in the Kilauea mantle source. The KI source is calculated to be a mixture of depleted MORB mantle (DMM) and 10-20% recycled crust composed of MORB and minor terrigenous sediments.
INTRODUCTION
Elements can be categorized into four major groups according to their geochemical behavior: lithophile (rock/ silicate-loving), siderophile (iron-loving), chalcophile (sulfur-loving), and atmophile (gas-loving) (Goldschmidt, 1937) . These classifications offer only the broadest descriptions of the behavior of an element, as composition http://dx.doi.org/10.1016/j.gca.2017.04.033 0016-7037/Ó 2017 Elsevier Ltd. All rights reserved.
(including oxygen and sulfur fugacity), temperature, and pressure all affect the partitioning of elements in a given environment. The elements Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Tl, Pb, and Bi may be considered nominally chalcophile, as they form or preferentially partition into sulfides in surface environments (e.g., sedimentary basins, low T hydrothermal and epithermal systems), however their behavior in the core, mantle, and crust can vary quite dramatically. Elements like Cu and Ag behave as chalcophile elements in nearly all studied crystallizing environments. The remaining elements Ga, Ge, As, Mo, Cd, In, Sn, Sb, Tl, Pb, and Bi have been observed to either behave as structural components in sulfide phases (e.g., molybdenite MoS 2 , galena PbS, stibnite Sb 2 S 3 , bismuthinite Bi 2 S 3 ) or may substitute for the metal cation or anion (e.g., Ga, Ge, Cd and In replace Zn in sphalerite, ZnS). Their behavior in igneous systems, where magmatic sulfides crystallize or form immiscible liquids may be different, however, because element solubility as a cation or anion into a sulfide liquid can vary dramatically from its partitioning into a crystalline phase (Helmy et al., 2010) . Many of these elements have been classified as lithophile elements in the bulk silicate Earth (e.g., Ga, Ge, Mo, In, Sn, Sb, Pb: Kuroda and Sandell, 1954; Yi et al., 2000; Jochum and Hofmann, 1997) . Tungsten is generally considered to be moderately siderophile (Walker, 2016) , but it is included in this study given its geochemical similarity to Mo.
A primary motivation for our study is to understand the partitioning behavior of Mo during igneous differentiation. Molybdenum is considered to be moderately siderophile during core formation (Walker, 2016) , but is also found in the mantle, making it partially lithophile (Newsom and Palme, 1984) . Molybdenum can also be chalcophile in low-temperature hydrothermal or sedimentary environments where it is concentrated in the ore mineral molybdenite and into syngenetic or diagenetic Mo-Fe-S phases formed in euxinic waters (Erickson and Helz, 2000; Helz et al., 2011; Gregory et al., 2015) . Molybdenite is occasionally present as an accessory phase in rhyolite (Audétat et al., 2011) . This variable behavior is driven by redox reactions. Molybdenum has garnered special interest because it is one of the most important tracers of atmospheric oxygen in the Precambrian due to its unique weathering properties that are dependent on its redox state -Mo is insoluble in the tetravalent state but it is soluble when oxidized to its hexavalent state. Therefore, Mo is thought to remain reduced, insoluble, and thus sequestered in the Archean crust before the 2.4 Ga Great Oxidation Event (GOE). Once the atmosphere became oxygenated, however, it is suggested that Mo was released from sulfides or other phases, oxidized to its soluble state, and washed into the oceans where it is concentrated in black shales. The Mo abundance in black shales has been one of the key observations used to determine exactly when O 2 rose in the atmosphere (Anbar et al., 2007; Scott et al., 2008) . Thus, one of our aims is to test the hypothesis that Mo is primarily hosted in sulfides that will break down in the presence of atmospheric oxygen to release Mo. Because the Archean continental crust was likely significantly more mafic than the present-day crust (Taylor and McLennan, 1985; Condie, 1993; Tang et al., 2016; Gaschnig et al., 2016) , studying Mo concentrations in sulfides blebs and other basaltic minerals provides a first-order approximation of the Mo distribution in Archean basalts and their differentiates that would have been weathered during the GOE.
A second motivation for this study is to use chalcophile element concentrations to gain insight into igneous petrogenesis and the nature of the Kilauea mantle source. Recent studies have provided better understanding of the formation of sulfides and the distribution and behavior of chalcophile elements during mantle melting and crust formation in MORB (Patten et al., 2013) , arcs, and back arc basins (Jenner et al., 2010 Lee et al., 2012; Jenner et al., 2015) and. However, the behavior of many of these chalcophile elements during magmatic differentiation is less constrained, save for a few (e.g., Ga, Kato et al. (2017) ; Mo, Yang et al. (2015) ; Cd, In, and Sn, Yi et al. (2000) and Jochum et al. (1993) ; Sb, Jochum and Hofmann (1997) ; W, Arevalo and McDonough (2008) ; Tl, Prytulak et al. (2013) , and Pb, Hofmann (1988) ). In these element-specific studies, the mineralogical hosts were not empirically determined. Differentiation trends for these elements can be used to infer mantle source compositions. The nature of the mantle source of the Hawaiian hot-spot is debated, however many researchers argue for a depleted mantle source containing varying proportions of recycled oceanic crust, as initially proposed by White and Hofmann (1982) . By documenting the behavior of variably chalcophile elements during differentiation in the Kilauea Iki lava lake, we can identify their mineralogical hosts and estimate the mantle source abundances, as done previously for platinum group elements (Puchtel et al., 2004) and W (Ireland et al., 2009) , to gain insights into its formation.
We present data for Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, W, Tl, Pb, and Bi in the Kilauea Iki lava lake. This includes whole rock analyses, in-situ mineral analyses, and determination of partition coefficients between the melt and sulfides, silicates, and oxides.
KILAUEA IKI LAVA LAKE
The Kilauea Iki lava lake formed when picritic lava ponded in a pre-existing crater during the 1959 eruption of Kilauea volcano. The lava was emplaced in seventeen eruptive phases over the course of four weeks (Richter and Moore, 1966) , and subsequently cooled and differentiated as a closed system over the following decades, thus providing an excellent natural laboratory to study magmatic differentiation. The eruption was well documented and several drilling excursions from 1960 to 1988 have provided numerous cores that have been extensively analyzed. Data for major elements (Helz et al., 1994; Helz and Taggert, 2010) , lithophile trace elements (Helz, 2012) , highly siderophile trace elements (Pitcher et al., 2009) , and numerous stable isotope systems (Tomascak et al., 1999; Teng et al., 2007 Teng et al., , 2008 Chen et al., 2013; Savage et al., 2015) have been published.
The Kilauea Iki core samples are dominated by picrite and basalt, but also contain internal differentiates resulting from discontinuous fractionation processes (Helz, 1987) .
The picrites and basalts range in whole rock (WR) MgO content from 27 wt% (olivine cumulates) to 7.5 wt% and contain varying proportions of olivine and chromite as well as occasional plagioclase, augite, and Fe-Ti oxides. The average composition of the lave lake is around 15 wt% MgO WR (Wright, 1973) . The majority of the internal differentiates are ferrodiabasic segregation veins (<6 wt% MgO WR , up to 57 wt% SiO 2WR ) that formed as evolved residual liquid segregated from the surrounding crystal mush by flowing into cracks created in the cooling lake. The segregation veins contain plagioclase, augite, Fe-Ti oxides, minor acicular apatite, an immiscible sulfide, and silicate glass that is quite felsic (between 56 and 74 wt% SiO 2glass ), relative to most quenched basalts. Fe-Ni-Cu sulfide blebs were previously documented within melt inclusions hosted in olivine in the picrite and basalt samples (Stone and Fleet, 1991; Helz and Wright, 1992) and Curich sulfide blebs have been previously documented in the groundmass of the more evolved samples (Helz, 1987; Stone and Fleet, 1991; Pitcher et al., 2009) . Because parts of the lake were still molten during drilling, melt was quenched upon extraction, preserving glass in many samples. Glass quenching temperatures in drill cores range from $1150°C in the most mafic rocks to $900°C in the more evolved samples (Helz and Thornber, 1987) , although most samples were completely cooled and solidified by the time they were drilled. Oxygen fugacities in the lake were determined using the oxide oxybarometer of Ghiorso and Evans (2008) and evolve from DNNO+1.5 to DNNOÀ1, which corresponds to different stages of crystallization (supplementary figures). A complete thermal history of the lake from the 1981 drill-core is documented in Helz and Thornber (1987) .
Thirty-six samples ranging from 26.9 to 2.4 wt% MgO WR (Table 1) were analyzed for whole rock and/or in-situ chalcophile element data. Samples were chosen based on previous characterization, MgO content, thermal history, and mineralogy. The modal mineralogy of select samples was determined by point counting and can be found in Table A7 .
METHODS

Whole rock analyses
Twenty-one whole rock powders, four USGS standard reference materials (BHVO-1, W-2, AGV-2, and GSP-1), and a total analytical blank (TAB) were analyzed using standard addition solution inductively coupled mass spectrometry (ICP-MS) and externally calibrated solution ICP-MS. Fifty milligrams of powder were dissolved in Savillex beakers for the KI samples, BHVO-1, and W-2. Highpressure TeflonÓ Parr bombs were used to digest the more felsic standards (AGV-1 and GSP-1) to ensure dissolution of resistant phases. One mL of concentrated HNO 3 and 3 mL of concentrated HF were added to the beakers and bombs, which were then placed on a hotplate (150°C) or in an oven (180°C), respectively, for !72 h. The solutions were then evaporated to dryness on a hotplate and 2 mL of concentrated HNO 3 were added and subsequently evaporated before adding 1 mL of HNO 3 and 2 mL of 18 X MilliQ H 2 O, resealing the beakers/bombs, and replacing them on the hotplate/furnace overnight (!12 h). The beakers/bombs were removed the next day and ''master solutions" were made, consisting of the dissolved solution (sample + 1 mL of HNO 3 + 2 mL of MilliQ H 2 O) diluted to 15 mL with 2% HNO 3 and trace HF. Sample dissolution and standard addition procedures follow the procedures of Gaschnig et al. (2015) .
The standard addition technique involves spiking the solution of unknown concentration with known concentrations of the element of interest, and using the spiked samples to create a calibration curve. Two spikes were prepared: Spike A contains Ag, Cd, In, Sb, Tl, and Bi and Spike B contains Ga, Ge, Sn, Mo, and W. For the most accurate results, the spikes were prepared so that they contain roughly double the concentration expected in the samples. Three solutions were created for each sample + spike combination. Solution one contains 1 mL of master solution and 1 mL of a purified Rh solution in 2% HNO 3 ($75 ppb) to be used as a drift corrector. Solution two contains 1 mL of master solution, 1 mL of Rh, and 0.5 mL of spike. Solution three contains 1 mL of master solution, 1 mL of Rh, and 1 mL of spike. The three aliquots were diluted to a total volume of 10 mL with 2% HNO 3 then vigorously shaken to homogenize the solution.
Additionally, a separate 1 mL aliquot of the master solution was spiked with 1 mL of $800 ppb In (drift corrector) and diluted to 15 mL with 2% HNO 3 for Cu, Pb and other trace element analyses. These data were reduced with an external calibration curve created with the USGS standards. The standard addition and In-spiked solutions were run on a Thermo-Finnigan Element2 HR-ICP-MS at the University of Maryland within a week of solution preparation. The instrument was tuned to keep oxide production below 0.8% 238 Pb, and 208 Pb were analyzed with the external calibration method. Precision was determined using replicate analyses of BHVO-1 and AGV-2 (Table A1 and supplementary figures) . The standard addition data were reduced using an in-house Excel macro created by Ming Tang.
In-situ analyses
In-situ analyses of glass, silicates, oxides, and sulfide blebs were carried out on eighteen petrographic thin sections. The phases were analyzed for major element compositions using WDS on a JEOL JXA-8900 Electron Probe Micro Analyzer (EPMA) at the University of Maryland. Between 8 and 10 points were measured on glass per sample and a mean was calculated for each sample showing homogeneous glass composition (all glasses were homogeneous except for 67-3-83.7 and 75-1-130.5, which contain less than 5% glass). A total of $245 EPMA point analyses were made on $190 sulfides from 13 thin sections. At least two points were analyzed on sulfides that were larger than 10 mm to check for compositional heterogeneity due to exsolution. Many sulfides showed multiple regions of heterogeneous exsolution, making it nearly impossible to extrapolate the data collected from a 2-dimensional cross section of the sulfide sphere to what may lie below or above the plane of the thin section. Therefore, the true major element composition of the sulfide blebs is uncertain. Such heterogeneity was taken into consideration when reducing the laser ablation (LA) ICP-MS data. All EPMA analyses were performed with a 5 mm beam, 15 kV accelerating voltage, and 25 nA probe current.
Trace element abundances were determined using LA-ICP-MS at the University of Maryland. The phases were ablated in a He atmosphere using a New Wave UP 213 nm wavelength laser and the resulting sample plume was analyzed with a Thermo-Finnigan Element2 HR-ICP-MS. The instrument was tuned so that the 238 U 16 O/ 238 U ratio was below 0.8%. All substrates were ablated with a laser frequency of 7 Hz and fluence was kept between 2.5 and 4 J/cm 2 , depending on the substrate being analyzed. Sn. Glass, silicate, and oxide analyses were performed using a laser spot size between 55-80 mm, and sulfide analyses were performed with a spot size of 25-80 mm, depending on the size of the phase being ablated. Between 6 and 10 glass points were measured per thin section and then averaged for a sample mean. Samples that contain heterogeneous glasses were not used in D value calculations. Thirty-two sulfides (>25 mm) within six thin sections were ablated, but because of the small size of the sulfide blebs it was not possible to ablate distinct unmixed (Paton et al., 2011) . Silicon was used as an internal standard for silicate phases, Cu for sulfides, and Mn for oxides. Only sulfides that were in contact with homogeneous glass were targeted for LA-ICP-MS analysis. Because several sulfides have heterogeneous major element abundances, the raw sulfide ablation data was reduced twice: once using the highest Cu content measured by EPMA and once using the lowest Cu content. Of the 32 sulfides ablated, only five were compositionally heterogeneous enough to yield two reduction values that varied by more than 10%. The two reduction values for the 27 homogeneous sulfides were then averaged to give a single concentration for each trace element in each sulfide. For example, two distinct unmixed regions of a sulfide may contain 42 wt% and 50 wt% Cu each, so the resulting ablation data was reduced once using the 42 wt% Cu endmember and a then re-reduced using the 50 wt% Cu end member. These two reduction schemes gave two separate endmember values for the trace elements of interest, which were then averaged if they varied by less than 10%. Reference materials BHVO-2g, NIST-612, and JB sulfide (a reference sulfide created by James Brenan at the University of Toronto, Mungall and Brenan, 2014) were used as secondary standards during laser ablation analyses. Values determined for standard reference materials are provided in Table A1 .
SULFIDES
Sulfide textures and composition
Visible sulfides in the samples form round droplets between one and 200 mm in diameter. These immiscible sulfide phases are common in basaltic melts and are often referred to as ''blebs" as they are near-spherical in shape. Within the lake, the sulfides are found in the groundmass of the most evolved basalts and segregation veins, and occasionally within melt inclusions in olivine phenocrysts of the more primitive samples. Here we focus on the groundmass sulfides in the most evolved samples with quite felsic (nearly rhyolitic) glass, as opposed to other studies (Patten et al., 2013) where sulfides blebs were in contact with basalt glass.
In reflected light, most sulfides appear to be composed of a yellow 3 , relatively Cu-poor phase and an orange, Curich phase. However, the exact abundance of Cu, Fe, and S in these exsolved regions varies from sulfide to sulfide. Native Cu is observed in several sulfides (Fig. 1a) , and rare Fe-oxides are found as inclusions within some blebs. Exsolution textures range from simple to complex, including very fine-grained, acicular lamellae, and massive exsolution features, as shown in Fig. 1 . The groundmass sulfide blebs are all Cu-Fe-S phases that form a solid solution between isocubanite, CuFe 2 S 3 , and bornite, Cu 5 FeS 4 ( Fig. 2) with rare Ni present. Complete major and trace element data for the sulfides can be found in Table A6 .
The blebs likely represent immiscible sulfide melt droplets that unmixed following quenching to subsolidus temperatures, with crystallization towards bornite and isocubanite endmembers. The textures of sulfide blebs suggest sulfide liquid immiscibility and the Cu-rich composition is likely reflective of formation by in-situ crystallization in an evolved, Cu-rich melt. In samples with abundant glass, roughly half of the sulfides are surrounded by glass while the other half appear to have nucleated onto another phase (typically Fe-Ti oxides, Fig. 1a, b, c) . In samples with minor glass (<8 vol%), sulfides are found as interstitial phases sandwiched between olivine, augite, and plagioclase (Fig. 1d) . A complete list of sulfide textures, size, and composition is provided in Table A6 .
The sulfides that are found in the eruption sample Iki-22 and within melt inclusions in olivine phenocrysts are compositionally distinct from the groundmass sulfides in the evolved samples, as they contain significantly more Ni. Up to 11 wt% Ni was measured in this study, however a previous study found up to 31 wt% in the sulfide blebs in Iki-22 which were determined to be either pentlandite or MSS (Stone and Fleet, 1991) .
Sulfide equilibrium
In order for partition coefficients to be valid, the sulfides must be in equilibrium with the glass, and the glass must be homogenous. While equilibrium can be difficult to establish in natural systems, sulfide-glass equilibrium can be evaluated in the KI samples from the following criteria set by Peach et al. (1990) and Li and Audétat (2015) , and this study: (1) there is no correlation between sulfide size and composition; (2) the sulfides are compositionally homogeneous; and (3) the sulfides are in direct contact with the glass. The first requisite is met, as there is no correlation observed between sulfide diameter and major or trace element composition. This implies that the surrounding silicate melt did not significantly change in composition during sulfide growth as would be the case if larger (older) sulfides were enriched in silicate-incompatible chalcophile elements compared with the smaller (younger) sulfides. This also suggests that the surrounding melt was not chemically isolated (i.e., interstitial) during sulfide growth. The second criterion is difficult to evaluate given the exsolved nature of the sulfides, but they all form Cu-Fe-S solid solutions between isocubanite and bornite, and the Cu content of all sulfides in the same thin section varies by less than 30%. Finally, while many occurrences of sulfides are found throughout the KI samples, only those in direct contact with glass were analyzed using LA-ICP-MS (see Fig. 1a , b, c). All of these samples have greater than 15% glass by volume, with the exception of one (sample 81-1-169.9, which is at a higher risk for disequilibrium). It can thus be inferred that the melt was interconnected and grain boundaries were likely wetted in these glassy samples, implying sulfides were in direct contact with the melt until the molten rock was quenched (Miller et al., 2014) . Additionally, only samples with relatively homogeneous glass were used in D value calculation where the 2 sigma RSD calculated on multiple point analyses of glasses was less than 25% for all elements except Ag, Cd, In, Sb, and Bi (the least abundant elements in the glasses, so their large RSD is a function of difficulty measuring ppb-level abundances with LA-ICP-MS). In summary, although caution should be taken when claiming true equilibrium in a crystallizing system, the criteria above suggests the sulfides equilibrated with the evolved, intermediate silicate melt. Thus, this study provides an assessment of partitioning behavior in a natural system.
RESULTS
Whole rock differentiation trends
In the whole rocks, all elements (except for Ge) become more concentrated with increasing differentiation (Fig. 3 , Table 2 ). Because the concentrations of many of the elements of interest increase nearly exponentially with decreasing MgO content, it can be inferred that they behave incompatibly on a whole rock scale during differentiation of the lava lake. By contrast, Ge maintains a relatively constant concentration in all of the Kilauea samples.
The erupted pumice samples Iki-3 (17.2 wt% MgO WR ) and Iki-22 (19.5 wt% MgO WR ) show anomalous enrichments in several elements (Sn, Pb, Mo, Bi, Cd, Sb) that cannot be explained given the observed mineralogy of the samples in thin sections. Similar anomalous enrichments were found in KI eruption pumice and basalt analyzed by Pitcher et al. (2009) where spikes in some PGEs (especially Pt in Iki-22 and Ru and Ir in the glass separate, Iki-22g) were attributed to precipitation of metal or alloy ''micronuggets" that were not visible in thin section but may impart a ''nugget effect" on the whole rock data. The origin of these enrichments is further discussed in Section 6.1.
Glass analyses
While the chalcophile elements appear to behave incompatibly on a whole rock scale, glass analyses better reflect the partitioning of several elements due to the saturation and/or fractionation of various phases. Variation diagrams of the glass trace element analyses are displayed in Fig. 4 and the data can be found in Table 3 . The most primitive glass measured in this study contains 6.1 wt% MgO. The average MgO content of the parental erupted melt was between 8.5 and 9.0 wt% as determined by scoria glasses (Helz et al., 2017) . The majority of the glasses analyzed here are from segregation veins where the glass is actually quite felsic (between 0.2 and 3.0 wt% MgO glass ), as these are the samples where sulfide is most easily found.
We have demonstrated the highly chalcophile nature of Cu in this system, hence we can use it as a proxy for S since the latter is compromised by degassing during eruption and drilling (Helz and Wright, 1983) . Copper abundance in the glass steadily increases from 6 to 2 wt% MgO glass and then abruptly falls, consistent with sulfide saturation at around 2 wt% MgO glass (Fig. 4) . Because the melt saturates with respect to sulfides, but sulfide droplets do not physically segregate from the magma, these decreases in abundances are not observed in the whole rock data. Other chalcophile elements that show a drop in overall abundance below 2 wt % MgO glass are Ag, Cd, In, and Bi.
Arsenic, Ga, and Ge appear to decrease in abundance at around 1 wt% MgO. The abundances of Mo, Sn, Sb, W, Tl, and Pb in the glass all increase, to varying degrees, with increasing differentiation, suggesting that these elements behave relatively incompatibly in the system and they are not significantly influenced by sulfide formation. This is further supported by an inverse relationship between the glass abundance of a sample and the concentrations of elements Mo, Sn, Sb, W, and Tl, suggesting they are strongly concentrated into the last vestiges of melt.
Partition coefficients
Partition coefficients (D values) and chalcophile element abundances for the sulfides are presented in Tables 4 and 5 , and D values for other oxides and silicates can be found in Tables 6 and 7 , respectively. Partition coefficients were calculated as C phase /C glass using the mean glass composition for a given sample.
Sulfides
Partition coefficients were calculated for each sulfide in a thin section (between 1 and 9 per section) by taking the mean sulfide composition divided by the mean glass composition for the sample. Taking (2) weakly chalcophile elements, average D $ 1: As, Ge, Sb, and Tl; and (3) non-chalcophile elements, D < 1: Mo, Ga and W. Within the chalcophile elements, subgroups could be created for strongly chalcophile (Ag, Bi, Cd, In) and chalcophile (Pb and Sn) elements. This is because Pb and Sn do not decrease in abundance in the glasses after sulfide saturation, showing that sulfide saturation does not completely control their behavior. Partition coefficients are not plotted for Cu because it is an essential structural constituent of the sulfides, ranging between 25 and 58 wt%; D Cu can reach up to 19,000.
Oxides
The crystallizing oxides (pseudobrookite and ilmenite) contain minor amounts of Cu, Ga, Mo, Ag, Cd, and In and have partition coefficients (D oxide/silicate melt ) greater than or equal to one, so the oxides can be considered as minor-mineralogical hosts (Table 6 , chalcophile element abundances in Table A4 ). Ilmenite contains Ag (D $ 4), Cd (D $ 1), and In (D $ 3). Pseudobrookite contains Cu
, and In (D $ 2). Oxide fractionation does not significantly deplete these elements in the melt, as there is no decrease in overall abundance below $5 wt% MgO glass (Fig. 4) .
Silicates
Olivine and augite are the only two silicates analyzed in this study, but neither are significant hosts of the elements investigated here. The D values calculated for all of the elements are below one (Table 7 , chalcophile element abundances in Table A5 ). Plagioclase was not analyzed, as it was not expected to be a significant host of any of these elements with the exception of Ga and Ge, which may substitute for Al and Si, respectively.
DISCUSSION
Element volatility
Anomalous spikes of Mo, Cd, Sn, Sb, Pb, Bi in the whole rock data are present in two of the three eruption pumice samples and one of the eighteen drill core basalts (Fig. 3) . Given that the enrichments are primarily concentrated in the eruption phases and similar anomalies are observed in the PGEs (Pitcher et al., 2009) , we propose that some chalcophile elements and PGEs partition into a vapor phase during eruption and precipitated in condensates from this vapor.
Rhenium volatility during basaltic volcanism is well documented (Sun et al., 2003; Lassiter, 2003; Norman et al., 2004; Pitcher et al., 2009 ) and it has been suggested that vapor-phase Re is deposited in Re-sulfides (Korzhinsky et al., 1994) or Mo-and Bi-bearing phases in fumarolic fields (Tessalina et al., 2008) . Enrichments in Cu, As, Sb, Te, Tl, and Pb have also been documented in condensed vapor from fumarole gas jets (Korzhinsky et al., 1994) . Thus, vaporization during eruption and subsequent precipitation is a possible cause of the enrichments seen in the KI pumice.
The potential loss of volatile elements from the lava lake could decrease their concentrations in the glasses and whole rocks. For example, Yi et al. (2000) showed that subaerial outgassing lowers Cd abundances in basalts, and Norman et al. (2004) calculated that Cd outgassing, alongside Re and S, may lower Cd concentrations in volcanic glass by a factor of 2-5. Bismuth may also be slightly affected by this process, however, significant depletions of the volatile elements In, Sn, Cu and Pb due to outgassing is considered unlikely (Yi et al., 2000; Norman et al., 2004) . To our knowledge, the influence of volatility on Mo and Sb concentrations in whole rock and glass has not been determined. We conclude that Mo, Cd, Sn, Sb, Pb, Bi may have partitioned into a vapor phase to varying degrees, however the extent of their possible depletion from the lava lake is unknown. The results of previous work on Cd and Bi outgassing prompt us to take caution when interpreting the absolute abundances of these elements in the KI magma.
Sulfide genesis and evolution
The Cu-rich groundmass-hosted sulfides in the Kilauea Iki drill core samples are compositionally distinct from Fig. 3 . MgO variation diagrams displaying chalcophile element differentiation trends in the whole rock powders. All trace elements are measured in ppm. Error bars denote 2SD as determined by replicate analyses of BHVO-1 (MgO = 7.2 wt%) and may be an overestimate for the segregation vein samples that are more enriched in the chalcophile elements. those found in other studies of basalts. Immiscible sulfide blebs that have been found in MORB (Peach et al., 1990; Patten et al., 2013) , arc-related basalts (Jenner et al., 2015) , and those experimentally synthesized in silicate melts Audétat, 2012, 2015; Kiseeva and Wood, 2015) are Fe-and Ni-rich and composed of mono-sulfide solution (MSS), pentlandite, and/or pyrrhotite compositions that were in equilibrium with more primitive magmas. By contrast, the Kilauea Iki groundmass sulfides are different in this respect because they are Cu-rich phases that are surrounded by an intermediate to felsic melt. Rare Ni-rich MSS sulfides are found as occasional inclusions in olivine and in the Iki-22 pumice groundmass, which likely originated deep in Kilauea's magma system. Sulfur analyses from scoria glasses suggest that the initial magma was not sulfide saturated (Helz et al., 2017) .
Magnetite crystallization is proposed to cause sulfide saturation in basalts from the Lau and Manus back arc basins by redox reactions (Jenner et al., 2010 Jenner et al., 2015) . In these magmas, sulfides form immediately following magnetite saturation at $6 and 3 wt% MgO glass , in the two basins, respectively. In KI, Fe-Ti oxides (titaniferous-magnetite, ilmenite, and pseudobrookite) crystallize and fractionate between 5 and 3 wt% MgO glass , as evidenced by the decrease in Ti and Fe on whole rock and glass MgO variation diagrams (supplementary figures) and the appearance of these phases in thin section. This precedes sulfide saturation at 2 wt% MgO glass . The incorporation of Fe 3+ into magnetite and pseudobrookite will reduce the residual melt and drive sulfur reduction (S 6+ to S 2À ), leading to the formation of sulfides. Oxygen fugacities calculated using the Fe-Ti oxide oxy-thermobarometer of Ghiorso and Evans (2008) indicate that at the onset of magnetite crystallization, the fO 2 of the system was around NNO+1.5 (or roughly FMQ+2.3). No sulfides are observed in the groundmass of the more primitive samples as the oxygen fugacity is too high for sulfide to saturate (Jugo, 2009) ; this is also consistent with the sulfide undersaturation inferred for the primary magma (Helz et al., 2017) . The oxygen fugacity falls to NNOÀ1 after the onset of the magnetite fractionation in the more evolved samples (supplementary figures). We propose that this process of magnetite-induced sulfide saturation, which has been termed the ''magnetite crisis" (Jenner et al., 2010) , contributes to sulfide saturation in KI.
In KI, the Cu-rich sulfides are present in even the most evolved samples, implying that they did not physically segregate from the differentiating magma. This suggests that the lava lake was effectively a closed system at this stage of its evolution such that the sulfide blebs were trapped within a semi-rigid crystal network (Fig. 1). 6.3. Behavior of nominally chalcophile elements
Chalcophile elements
We observed that Ag, Bi, Cd, and In are strongly chalcophile because their abundance in the melt is entirely controlled by sulfide saturation, i.e., they fractionate out of the evolving melt when sulfides form. By contrast, Pb and Sn concentrations continue to increase in the evolving melt (Fig. 4) , so their behavior in the magma is not entirely controlled by sulfide saturation. This is due to the lower D sulfide/silicate melt of Pb and Sn and exceedingly small volume of sulfides that precipitate in this system. The sulfides are abundant enough to deplete the concentrations of the strongly chalcophile elements from the silicate melt, but not Pb and Sn. Lead analyses were added to the study late, thus not all glass samples plotted in Fig. 4 have corresponding Pb data. This may potentially skew interpretations because the absolute lowest MgO samples were not analyzed for Pb -missing data could reveal that Pb does drop in abundance in the most evolved samples. The average Nd/Pb ratio of the whole rock samples is 19 (±9 2SD) which is consistent with an average of 15 for OIB (Hofmann, 2003; Hart and Gaetani, 2006) . This ratio does not change systematically with differentiation in either the whole rock or glass data, suggesting that Pb and Nd (and Ce) do behave similarly, consistent with Pb not being strongly influenced by sulfide saturation.
In sulfides found in MORB (Patten et al., 2013) , Ag, Bi, Cd, Pb, and Sn were also found to be chalcophile and calculated D values agree with those determined here (Fig. 5 , enclosed circles, In was not measured in the Patten et al. study) . This is an interesting observation given the differing melt composition, sulfide composition, and intensive variables (T, P, and fO 2 ) between the Kilauea Iki lava and MORB. MORBs saturate Ni-rich sulfides at around 10 wt % MgO glass which is not induced by magnetite saturation (Jenner and O'Neill, 2012; Patten et al., 2013 (Fig. 5, X 's, no Cd or In data are available in the Li and Audétat study; data were selected from runs having the composition, fO 2 , and P and T conditions near those of KI; the sulfide composition has between 1.8 and 3.0 wt% Cu). Finally, the experimental work of Wood (2013, 2015) produced an algorithm that incorporates temperature, sulfide composition, and melt composition to calculate D sulfide/silicate melt ; D values calculated from this equation at the range in T, Cu sulfide , and FeO glass found in KI generally reproduce the KI partition coefficients quite well (gray bars, Fig. 5 ). In KI, there is no correlation between D sulfide/silicate melt and MgO glass or FeO glass (which is directly related to the oxygen content of the sulfide, Kiseeva and Wood, 2015) . However, the samples that contain sulfides cover a small range of MgO glass or FeO glass so trends may not be observable given the limited range of melt compositions. Additionally, there is no correlation between sulfide compositions (Cu, Fe, S, Ni, Mn, or Co content) and D sulfide/silicate melt .
Weakly chalcophile and non-chalcophile elements
Arsenic, Ge, Sn, Tl, Mo, Ga, and W are weakly chalcophile to non-chalcophile (i.e., lithophile) in this igneous system (Fig. 5) . Of these elements, Mo was also measured in MORB sulfides and found to be weakly chalcophile (Patten et al., 2013) . KI D values for As, Sb, Mo, and W The abundance of Ga, Ge, and As appear to drop in the glasses at around 2 wt% MgO glass (Fig. 4) . This drop may be partially attributed to partitioning into sulfides for As and Ge, but Ga would not be affected by sulfide saturation. Instead, we propose that these elements, specifically As, may partition into apatite, where they substitute for P. While apatite is a common accessory phase in the evolved samples, it forms thin (<5 mm wide) needles that are too small for laser ablation analyses to confirm the presence of these elements. Additionally, minor Ga substitutes for Al and Ge may substitute for Si in late fractionating plagioclase or augite. Scatter in the Mo and Ga abundances in evolved samples (Fig. 4) is likely caused by partitioning into Fe-Ti oxides. Antimony, Tl, Mo, and W are not significantly affected by sulfide saturation and instead behave as overall incompatible, lithophile elements during differentiation from mafic to felsic magmas. Octahedrally coordinated Mo and W have ionic radii that differ by only 1%, so their substitution for Ti in Ti-oxides is expected to be roughly equal, however Mo is significantly more abundant in oxides than W. The reason for this difference in partitioning into oxides is unknown, however it may simply be attributed to Mo being more abundant in the system than W (Mo/W ratios vary between 2 and 4 in the glass). Additionally, Mo is slightly more chalcophile than W. Despite this, Mo and W generally behave as incompatible lithophile elements in this system.
Molybdenum in basalts
Molybdenum is an element of special interest because of its redox-sensitivity, suggested chalcophile behavior, and use as a paleo-redox indicator for Precambrian surface and ocean environments. Molybdenum is a chalcophile element in hydrothermal/epithermal systems that carry sufficient quantities of reduced S (MoS 2 formation) and in anoxic marine environments where it is sequestered in authigenic Fe-Mo-S phases (Helz et al., 2011) or converted to tetrathiomolybdate particles (MoS 4 2À ) that settle out of solution (Erickson and Helz, 2000) . However, in the KI magmatic system it shows incompatible, lithophile behavior and is more heavily concentrated in glass (average 5 ppm) and Fe-Ti oxides (average 6.4 ppm) than sulfides (average 2.6 ppm). Considering the abundances of these different phases, the glass accounts for the majority of the Mo in the samples (between $50 and $90%). The Mo D sulfide/silicate values measured here corroborate those from a study of MORB that found Mo concentrations in sulfides were often below the detection limit of LA-ICP-MS (Patten et al., 2013 A crustal sulfide host of Mo has been invoked in paleoatmosphere studies (Anbar et al., 2007) where oxidative weathering of pyrite and molybdenite is suggested to release Mo from the continental crust at the time of the Great Oxidation Event (GOE). Here we show that sulfide blebs comprising three common igneous sulfides -chalcopyrite, isocubanite, and bornite -do not host significant Mo. In fact, mass balance calculations suggest that the sulfides typically host less than 5% of the total Mo budget of the samples in Kilauea Iki. We conclude that sulfides are not a significant host of Mo in basalts (MORB) and andesites (evolved KI), while glass and, to a lesser extent, magnetite and ilmenite are. Thus, the oxidation of igneous sulfides is likely not an important source of Mo to the oceans. This has significance for the use of Mo as a paleo-redox proxy as the Archean upper continental crust was significantly more mafic (Taylor and McLennan, 1985; Tang et al., 2016 : Gaschnig et al., 2016 and the felsic continents were likely smaller (Cawood et al., 2013) and basalt was probably a much more common crustal lithology. The weathering properties of Mo-rich basaltic to komatiitic glass should be investigated in order to understand Mo removal from the crust at the time of the GOE.
Enrichments of As, Ag, Sb, W, and Bi
In KI whole rock powders and glasses, several chalcophile and lithophile elements are systematically enriched A.T. Greaney et al. / Geochimica et Cosmochimica Acta 210 (2017) relative to elements of similar compatibility, as determined by their anomalous peaks on a primitive mantle-normalized spider diagram (supplementary figures) and cross plots (Fig. 6) . Enriched lavas plot in the upper right quadrant of Fig. 6 , while MORB data (Jenner and O'Neill, 2012) plot around or slightly below one. Also shown in the cross plots are primitive glasses from the Eastern Manus back arc basin and Northwest Lau spreading center from . Interestingly, the subduction-influenced Manus BAB shares As, Sb, and Bi enrichments with Kilauea, while the NW Lau spreading center basalts lack signatures of subduction-influenced magmatism, and are not enriched in As or Bi. Thus, the As, Sb, and Bi budget of KI shares similarities with basalts influenced by recycling in subduction zones, however the W enrichment observed in KI lavas is not found in either back arc basin. The enrichment in Bi is especially striking considering its abundance may have been affected by degassing (Norman et al., 2004 ; and Section 6.1). In arc settings, enrichments in As, Sb, Tl, Pb, and Bi have been attributed to the influence of hydrothermally altered oceanic crust that concentrates these elements into low-temperature sulfides . The sulfides then break down during subduction and release these elements into the mantle wedge . The formation of hydrothermal sulfides seems to be the best way to concentrate the elements that are enriched in KI, but these sulfides would need to survive subduction to be incorporated into the KI source. Ireland et al. (2009) found that W enrichments in several Hawaiian basalts could be explained by the mixing of 3-20% recycled oceanic crust and sediments into a depleted mantle source. Pursuing this hypothesis further, we modeled the source composition for the Kilauea Iki picrites to understand the origin of these enrichments.
The Kilauea mantle source
The Hawaiian mantle source is heterogeneous, as reflected in many trace element and isotopic studies of lavas from difference volcanic centers (Jackson et al., 2012 , and references therein). Multiple mantle sources have been invoked to explain these differences: the EM1 signature in Hawaii may reflect a primitive mantle source, given Sr, Pb, and Nd isotopic signatures (White, 1985) , while others consider the mantle source to be a mixture of a more depleted reservoir and recycled oceanic crust (White and Hofmann, 1982) . Indeed, Pietruszka et al. (2013) found that the Kilauea source can be explained by the addition of 8-16% hydrothermally altered oceanic crust, while Ireland et al. (2009) concluded that the source is composed of depleted MORB mantle with the addition of 3-20% recycled oceanic crust and terrigeneous sediments. Here we explore both a primitive mantle source and a source influenced by recycled crust to explain the Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, W, Tl, Pb, and Bi abundances in Kilauea Iki.
The enrichment of chalcophile PGEs in KI (Pitcher et al., 2009) suggests that sulfides in the mantle source were exhausted by partial melting. Modeling of Pietruszka and Garcia (1999) and Pietruszka et al. (2006) suggest that Kilauea basalts represent 10% partial melt of the mantle source, while Ireland et al. (2009) infer 5-10% partial melting of the mantle. Interestingly, neither of these estimates are high enough for sulfides to be consumed by partial melting, which occurs at 12-16% partial melting of a depleted mantle source (Luguet et al., 2003; Nielsen et al., 2014) . Thus, we calculated the Kilauea source abundance for Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, W, Tl, Pb, and Bi using the batch melting equation
ð ÞÃF Þ and a 12% melt fraction -the minimum melt fraction theorized to exhaust sulfides from the mantle source. Element abundances in the KI primitive magma composition (C l ) were calculated at 15 wt% MgO Fig. 7 . While the calculated KI mantle source composition is within error of the primitive mantle estimate for some elements, In, Mo, and LREE (as indicated by Ce), are too enriched in the KI source to be derived solely from a primitive mantle source. Incorporation of a UCC component (carried in terrigenous sediment) produces a better fit to the data. When the elements are ordered on a spider diagram by their relative abundance in primitive KI magmas relative to primitive MORB (Jenner and O'Neill, 2012) , as calculated by (X KI À X MORB )/X MORB . With the exception of Ag, the more enriched KI elements that plot at the left side of the diagram correspond quite well with elements that are more enriched in the UCC (Fig. 8) . The general trend suggests incorporation of recycled UCC-derived sediments in the mantle source of KI. Therefore, we modelled the KI source as a mixture of depleted MORB mantle (DMM) source and a recycled crust package composed of MORB + UCC sediments per Ireland et al. (2009) to better explain the trace element signature of Kilauea (Fig. 9 , model details in supplement). We find that the calculated KI source composition matches this DMM + 10-20% recycled crust source, within error, for all elements analyzed here (Fig. 9) . Specifically, the abundances of the elements In, Mo, Ag, Ce, Sn, Cd, Sb, Bi, W, and As, that are 1.5-4 times more enriched in the KI source than in the primitive mantle, are much better explained by the addition of around 20% MORB and UCC-derived sediments to DMM than by a pure primitive mantle source (see the supplement for a discussion of the possible influence of subduction on these elements).
We conclude that the enrichments observed in the Kilauea Iki magmas (Fig. 6 ) and the calculated KI mantle 
Behavior of chalcophile elements in the mantle
The excellent agreements between the partition coefficients calculated in this study and those calculated for sulfide blebs in MORB, as well as the data for multiple experimental partitioning studies demonstrate that Ag, Bi, Cd, and In will behave as strongly chalcophile elements regardless of sulfide composition or tectonic setting. Unsurprisingly, Wang and Becker (2015) find that Cu and Ag behave as chalcophile elements in mantle pyroxenites and they infer limited fractionation during melt extraction from the upper mantle. Lead and Sn may behave as chalcophile elements in the mantle as they do in KI, but this is more speculative as sulfides do not entirely control their behavior in KI.
In contrast to above results and D values measured in MORB for Cd and In (Patten et al., 2013) , Witt-Eickshen et al. (2009) found, in a laser ablation ICP-MS study of peridotite xenoliths, that Ga, Cd, In, and Sn are hosted primarily in silicates rather than sulfides. Although sulfide concentrations of In and Sn were greater than those of coexisting silicates, the very low abundance of sulfides (found as a minor phase in only two samples from Kilbourne Hole, out of 24 samples investigated) made sulfides insignificant to the whole rock mass balance. Based on these results, and the fact that they could achieve whole rock mass balance for all of these elements without sulfides, they suggested that Ga, Cd, In, and Sn behave as lithophile elements in the lithospheric mantle. Of the suite of nominally chalcophile elements they analyzed, only As was found to enter sulfide in significant amounts.
If the conclusion of Witt-Eickshen et al. (2009) hold, it suggests there is a significant difference in the partitioning of Cd, In, and Sn between sulfide and silicate in peridotitic versus basaltic to intermediate systems. However, sulfides are generally poorly preserved in xenolithic peridotites due to their breakdown post-eruption (e.g., through circulation of meteoric water, Lorand, 1990) or during interaction with sulfide undersaturated melts and/or fluids in the mantle shortly before xenolith entrainment (Liu et al., 2010; Harvey et al., 2015) . If elements originally contained within the sulfides are lost from the whole rock upon sulfide breakdown (as has been demonstrated for S, Se, Os, Pd, and Re, Lorand, 1990; Handler et al., 1999; Liu et al., 2010; Harvey et al., 2015) , then whole rock concentrations do not reflect the concentration of the mantle, and inferences about these elements' geochemical behavior based on whole rock mass balance like that undertaken by Witt-Eickshen et al. (2009) may be erroneous.
Using the partitioning equation of Kiseeva and Wood (2015) and a wide range of sulfide compositions, we find that D Cd never falls below 1, and the only conditions that would generate D In below one have Ni sulfide ! 50 wt%, FeO silicatemelt ! 22 wt%, and T ! 1300°C, simultaneously. This scenario would not occur in the lithospheric mantle. Hart and Gaetani (2016) , is represented with a triangle. Cu is not plotted because it is a main structural component to the sulfides. The gray bar represents the range of D sulfide/silicate that were calculated using the Kiseeva and Wood (2015) equation at 1050°C, average Cu (45 wt%) and Ni (0.7 wt%) abundances, and FeO content of the silicate melt between 7.3 and 1.3 wt%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . Enrichments observed in Kilauea Iki lavas. Each element is normalized to an interpolated value (denoted with a star), which is the expected concentration of that element if it partitions the same as similarly compatible elements, as observed in MORB. This is calculated as Sb * , Bi * , and As * = (V Â Cd) 0.5 , Ag * and W * = (Cu Â Ge) 0.5 . Average MORB (Jenner and O'Neill, 2012) is represented with an open circle, all measured values in Kilauea samples are in light blue diamonds (basalts) and triangles (segregation veins), primitive Kilauea is a dark blue diamond, primitive Eastern Manus Back-arc basin in a green square, and primitive Northwestern Lau Spreading Center is in a red square. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and Sun, 1995) showing the same primitive KI magma as plotted in Fig. 7 (blue circles) as well as primitive MORB (Jenner and O'Neill, 2012) in red triangles and UCC (Rudnick and Gao, 2014) abundance in gray diamonds. Elements are ordered by the relative difference between their abundance in the primitive KI and primitive MORB calculated as (X KI À X MORB )/X MORB . Note that, with the exception of Ag, the elements that are more enriched in KI are also quite abundant in the UCC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
We therefore conclude that, like Cu and Ag (Wang and Becker, 2015) , Cd, In and possibly Sn are very likely chalcophile in the mantle lithosphere. Inferences regarding the primitive mantle content of these chalcophile elements should be re-examined using peridotites that have not experienced sulfide breakdown.
CONCLUSIONS
In the Kilauea Iki lava lake Ag, Bi, Cd, In, Pb, and Sn are chalcophile, As, Ge, Sb, and Tl are weakly chalcophile to lithophile, and Mo, Ga, and W are lithophile. The mean D sulfide/silicate are: D Ag = 1252 ± 1201 (2r), D Bi = 663 ± 576, D Cd = 380 ± 566, D In = 40 ± 34, D Pb = 34 ± 18, D Sn = 5.3 ± 3.6, D As = 2.4 ± 7.6, D Ge = 1.6 ± 1.4, D Sb = 1.3 ± 1.5, D Tl = 1.1 ± 1.7, D Mo = 0.56 ± 0.6, D Ga = 0.10 ± 0.3, and D W = 0.11 ± 0.1. The chalcophile elements can be further subdivided into strongly chalcophile elements (Ag, Bi, Cd, and In), whose differentiation behavior is entirely controlled by sulfide saturation, and moderately chalcophile elements (Pb and Sn) that partition into sulfides but do not significantly fractionate from the melt after sulfide saturation given their low D sulfide/silicate values and the low volume of sulfides. These findings are consistent with results from a study of MORB sulfides (Patten et al., 2013) , as well as experimental studies run at conditions similar to those that are found in KI (Li and Audétat, 2012; Kiseeva and Wood, 2013) . Gallium, Ge, and As may partition into apatite where they could substitute for P, however they likely also partition into aluminosilicate phases where they substitute for Al and Si. Antimony, Tl, and W behave as incompatible elements during differentiation.
Molybdenum generally behaves as a lithophile element; it is not primarily concentrated in the sulfides and is instead found in the glass and Fe-Ti oxides where Mo 6+ may substitute for Ti 4+ . This has implications for the removal of Mo from the Archean continental crust: common igneous sulfides (whose breakdown rate is a function of atmospheric oxygen levels) are not a significant host of Mo, whereas glass (which can readily break down in the absence of atmospheric oxygen) is a significant host of Mo.
The Kilauea mantle source is modeled as a mixture of depleted MORB mantle (DMM) and a recycled package of crust containing MORB and UCC derived sediments. The abundances of the elements studied here are best explained by the addition of 10-20% recycled oceanic crust (of which 1-5% is UCC-derived sediments) to DMM. The partial melting of this UCC-influenced source can explain the apparent enrichments in As, Ag, Sb, W, and Bi and other elements observed in Kilauea relative to MORB. Fig. 9 . Trace element diagram, normalized to primitive mantle (McDonough and Sun, 1995) showing the results of the mantle mixing calculations (gray region) and Kilauea mantle source calculation (black line). The gray region represents a range of materials mixed into a DMM source from 10% recycled material of which 99% is MORB and 1% are sediments derived from the UCC (low end) to 20% recycled material of which 95% is MORB and 5% are UCC sediments (high end). All element concentrations agree within error between the modeled KI source and mantle mixture region. Cadmium and Bi may have been affected by degassing, so their mantle abundances may represent minima.
Greaney et al. The behavior of chalcophile elements during magmatic differentiation as observed in Kilauea Iki lava lake, Hawaii Within the sample data, large uncertainties associated with some sample means can reflect true heterogeneity of the glasses, but may also reflect the difficulty in simultaneously measuring multiple extremely low abundance (10-100 ppb) elements by LA-ICP-MS with a limited spot size. True glass heterogeneity can be recognized if an increase in spot size (i.e., an increase in sensitivity for low abundance elements) does not improve the RSD associated with multiple spot analyses on a thin section. 
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Kilauea source composition (batch melting equation)
The regression of Puchtel et al (2004) resulted in an R 2 of >0.5 for all elements except Cd and Bi, so these elements are not well constrained in the Kilauea mantle source.
Bulk partition coefficients for the batch melting equation were calculated using the source modal mineralogy of Norman and Garcia (1999) : 65% spinel lherzolite (90% olivine + opx, 10% cpx) and 35% garnet lherzolite (80% olivine +opx, 10% cpx, 10% garnet). We used olivine and clinopyroxene partition coefficients measured in this study, while orthopyroxene and garnet D values were taken from Liu et al. (2014) for Cu, and Salters and Stracke (2004) for Ce and Er, and Adam and Green (2006) for all other elements.
Greaney et al. The behavior of chalcophile elements during magmatic differentiation as observed in Kilauea Iki lava lake, Hawaii We first modeled a depleted MORB mantle given the average concentrations of Cu, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, La, Er, W, Tl, Pb, and Bi in MORB from Jenner and O'Neill (2012) . Again, using the batch melting equation we use bulk D values calculated with the modal mineralogy of Workman and Hart (2005) of 57% olivine, 28% cpx, 13% garnet, and 1.99% spinel with 0.01% sulfide given the low melt fraction of 6% (Workman and Hart, 2005) . Then this DMM composition was mixed with between 10 and 20% recycled oceanic crust, of which 95% to 99% is MORB (Jenner and O'Neill, 2012) and UCC sediments compose the remaining 5 to 1%.
Subduction effects on model
Lead, As, Sb, and Tl are predicted to partition into the mantle wedge along with a fluid phase during subduction , thus depleting these elements from the slab and lowering their contribution to the mantle plume source. Copper and Ag may also be enriched in the mantle wedge from the oxidation of slab sulfides (Timm et al., 2012) , suggesting that other chalcophile elements like Cd, In, and Bi may also be released from the slab. There is conflicting evidence as to whether Mo, Sn, and W would be removed from or maintained in the slab König et al., 2008; Bali, 2012; Timm et al., 2012) , and we are not aware of studies of Ga and Ge in subduction zones. However, depletion of these elements from the slab would not greatly affect the mixing model assuming the elements are mostly removed from terrigenous sediments that may melt or release fluids during subduction. In fact, loss of Pb, As, Tl, and Cu from the slab and sediment package would move the mixing lines (gray region, Fig. 9 ) closer to that of the estimated KI source.
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